A periadventitial polymer system is an alternative local drug delivery technique to obtain and maintain high tissue levels of the drug at the site of vascular injury. To determine if local periadventitial delivery of dexamethasone decreases neointimal proliferation after balloon vascular injury, in three groups of Sprague-Dawley rats, 5% dexamethasone, 0.5% dexamethasone, and placebo silicone polymers were implanted around the left common carotid artery after balloon injury. In a fourth group, placebo polymers were implanted without balloon injury. Dexamethasone serum and tissue levels after polymer implantation were significantly higher in the 5% dexamethasone group compared with the 0.5% dexamethasone group. There was no neointima formation in any of the arterial segments covered with placebo polymers for 3 wk, but without balloon injury. In the arterial segments covered by the 5 and 0.5% dexamethasone polymers, there was a 76 and 75% reduction in intima/media ratios, respectively, compared with the placebo group (5% dexamethasone, 0.26 +/-0.04; 0.5% dexamethasone, 0.27 +/-0.03; placebo, 1.09 +/-0.16, respectively; P < 0.0001). These results suggest that: (a) silicone polymers wrapped around the common carotid arteries for 3 wk did not, without balloon injury, stimulate neointimal proliferation in the rat model; (b) the activity of the drug-eluting polymer for suppressing intimal proliferation was chiefly, but not exclusively, site specific; and (c) Abstract A periadventitial polymer system is an alternative local drug delivery technique to obtain and maintain high tissue levels of the drug at the site of vascular injury. To determine if local periadventitial delivery of dexamethasone decreases neointimal proliferation after balloon vascular injury, in three groups of Sprague-Dawley rats, 5% dexamethasone, 0.5% dexamethasone, and placebo silicone polymers were implanted around the left common carotid artery after balloon injury. In a fourth group, placebo polymers were implanted without balloon injury. Dexamethasone serum and tissue levels after polymer implantation were significantly higher in the 5% dexamethasone group compared with the 0.5% dexamethasone group. There was no neointima formation in any of the arterial segments covered with placebo polymers for 3 wk, but without balloon injury. In the arterial segments covered by the 5 and 0.5% dexamethasone polymers, there was a 76 and 75% reduction in intima/media ratios, respectively, compared with the placebo group (5% dexamethasone, 0.26±0.04; 0.5% dexamethasone, 0.27±0.03; placebo, 1.09±0.16, respectively; P <0.0001). These results suggest that: (a) silicone polymers wrapped around the common carotid arteries for 3 wk did not, without balloon injury, stimulate neointimal proliferation in the rat model; (b) the activity of the drug-eluting polymer for suppressing intimal proliferation was chiefly, but not exclusively, site specific; and (c) transadventitial local delivery ofdexamethasone at two different doses markedly inhibits neointimal proliferation after balloon vascular injury. (J. Clin. Invest. 1994. 
Introduction
While percutaneous balloon angioplasty has become an important tool in the management ofcoronary artery disease, restenosis in at least 30-50% ofcases remains the major limiting factor of long-term efficacy (1) (2) (3) . Several pharmacological agents have been shown to decrease intimal proliferation after balloon injury when administered systemically in different animal models (4) (5) (6) . However, when these drugs have been tested in clini-cal trials, benefit has not yet been confirmed (7) (8) (9) (10) ). An important possible explanation is the difference in drug dose administered; most of the animal experiments were done with doses at least an order ofmagnitude higher than the same drugs used in clinical trials. Furthermore, there is difficulty in providing controlled administration of the drugs for an adequate period of time. Newer approaches for a more effective site-specific drug delivery are being directed toward local delivery systems rather than systemic drug administration in an attempt to achieve and sustain high tissue levels of the drug at the site of balloon injury, and decrease or avoid the potential adverse systemic side effects.
Several local drug delivery systems, including different perfusion balloon catheters, hydrogel-coated balloon catheters, and biodegradable polymer-coated metallic stents, are currently under investigation (11) (12) (13) (14) (15) (16) ). However, due to the vessel size in small animals, these devices cannot be used for intraluminal local drug delivery. An alternative technique is the use of periadventitial polymer systems, which can be impregnated with different drugs (17, 18) . This technique may permit the in vivo identification of agents that will inhibit neointimal proliferation after local delivery at the site ofvascular injury. Okada et al. ( 19) and Edelman et al. (20) , using two different periadventitial polymer continuous release systems to deliver heparin at the site ofballoon injury, were able to inhibit intimal proliferation without producing systemic anticoagulation in the rat carotid model.
We used nondegradable silicone rubber polymers, not previously used in any restenosis studies, because they offer high biocompatibility and hydrophobicity linked to excellent sustained release properties (21 ). Dexamethasone was tested because of its well-known potent antiinflammatory effect (22) . Within several days after balloon angioplasty, inflammatory cells are present at the site ofarterial wall injury (23) (24) (25) (26) ; these cells are an important source of cytokine production for smooth muscle cell migration and proliferation (27) . Glucocorticoids have also been shown to inhibit smooth muscle cell proliferation in vitro (28) (29) (30) , and significantly decrease neointimal proliferation in vivo after administration of high systemic doses for 7-14 d (31) (32) (33) . Dexamethasone, however, is a most potent glucocorticoid, and thus is ideally suited for local drug-polymer administration, where potency must be optimized due to obvious physical restrictions. Local dexamethasone has not been previously investigated for prevention of restenosis. This study was designed to test our hypothesis that local adventitial dexamethasone delivery will decrease neointimal proliferation after balloon injury in the rat carotid model.
Methods
In 3 groups of male Sprague-Dawley rats, weighing 350-450 g, 10 silicone polymer matrices loaded with 5% dexamethasone, 11 silicone polymer matrices loaded with 0.5% dexamethasone, and 10 placebo silicone polymer matrices were implanted around the left common carotid arteries after deendothelialization with a 2-French Fogarty balloon catheter (Baxter Healthcare Corp., Santa Ana, CA). In a fourth group of eight rats, placebo silicone polymer matrices were implanted without balloon deendothelialization, to determine if periadventitial placement ofa polymer matrix by itselfcan induce neointimal proliferation. All animal experiments were performed according to the animal welfare policy of the American Heart Association and The Cleveland Clinic Foundation, and the experimental protocol was approved by the animal research committee.
Balloon injury technique and local delivery ofdexamethasone. General anesthesia was induced with a mixture ofketamine (80 mg/kg i.p.) and xylazine (5 mg/kg i.p.). Through a midline neck incision the left common, external, and internal carotid arteries were exposed by blunt dissection. A 2F Fogarty balloon catheter was introduced in the left external carotid artery via an arteriotomy and advanced to the origin of the left common carotid artery. The balloon was inflated sufficiently to generate slight resistance and withdrawn three times to consistently produce endothelial denudation ofthe entire length ofthe left common carotid artery. Upon removal of the catheter the left external carotid artery was ligated with 3.0 silk. After this, the left common carotid artery was covered circumferentially with a 15-mm-long silicone polymer matrix, sealed on the external side to prevent release into adjacent tissue. The wound was closed with skin staples. 24 h after the polymer matrix implantation, a blood sample was obtained for determination of dexamethasone levels from the tail vein.
Death, pressure perfusion fixation, and histologic analysis. 3 wk after balloon carotid injury, rats were anesthetized with a mixture of ketamine (80 mg/kg i.p.) and xylazine (5 mg/kg i.p.). Via a midline abdominal incision the distal abdominal aorta was exposed and a 18-gauge intravenous catheter introduced above the aortic bifurcation. After a blood sample was obtained for determination of dexamethasone levels, the animals received a lethal dose of sodium pentobarbital. Both jugular veins were excised, and 50 cm3 of lactated ringer was infused at 120-mm Hg pressure into the abdominal aorta followed by pressure fixation with 200 cm3 of 10% formaldehyde solution infused over 5 min at 120-mm Hg. After perfusion-fixation, the entire right and left carotid arteries were retrieved, including the aortic arch, innominate artery, and carotid bifurcation. The arteries were further fixed by immersion in the same fixative that was used for perfusion. The left common carotid arteries were sectioned every 3 mm from the proximal to the distal ends. Three different sections of the left common carotid within the 15-mm-long segment covered by the silicone polymer matrix and one section of the most proximal left common carotid artery not covered by the silicone polymer matrix were selected for histologic analysis (Fig. 1 ). These sections were embedded in paraffin for sectioning, and duplicate slides were stained with hematoxylin-eosin and Lawson's elastic-van Gieson.
Morphometric analysis was performed by an observer blinded to drug regimen using a computerized digital microscopic planimetry algorithm (Bioquant program). Cross sectional areas of media, intima and lumen were measured.
Analysis of two additional rats was performed in each dexamethasone group, killed 2 wk after polymer matrix implantation for determination of dexamethasone arterial wall concentrations in the left common carotid artery segments covered by the polymer matrix, the adjacent segment not covered by the polymer matrix, and the contralateral arterial segment (right common carotid artery). Dexamethasone tissue and serum levels were measured directly by a radioimmunoassay (kindly performed by Dr. A. W. Meikle, University of Utah, Salt Lake City, UT).
Controlled release polymer matrices. The silicone rubber used in this study was Silastic Q74840 (Dow Corning Midland, MI). Controlled release matrices, in general, were formulated by sieving the desired agent as a dry powder to 90-120-,gm particle size, and levigating it with prevulcanized silicone rubber and exposing to vacuum for 30 min.
Polymerization techniques included casting the drug-polymer compos- ites into thin slabs in aluminum molds, under 20,000 psi in a press (Fred S. Carver Inc., Menomonee Falls, WI), and vulcanizing at 800C for 50 min. In addition, surfaces of slab matrices were sealed using the same silicone polymer in order to permit unidirectional drug release and limit swelling. In vitro drug release studies were carried out under perfect sink conditions at pH 7.4 as previously published (34, 35) . Statistical analysis. All data are presented as the mean±SEM. Differences between the three groups were analyzed using an analysis of variance with Scheffe's test for post hoc comparisons. For differences between two groups a two-tailed, unpaired Student's t test was used.
Statistical significance was defined as P < 0.05.
Results
Silicone polymer matrices. In vitro studies ofthe 5% dexamethasone-loaded silicone rubber controlled release matrices showed a constant drug release (zero-order kinetics) based on cumulative percentage of drug released after an initial 12-h burst phase (Fig. 2) . The amount ofdexamethasone contained in the silicone polymer matrices loaded with 5% ofdexamethasone was 2.74±0.13 mg/matrix, and in the matrices loaded with 0.5% of dexamethasone was 0.28±0.03 mg/matrix (P = 0.0001 ).
Dexamethasone serum and tissue levels. Dexamethasone serum levels 24 h and 3 wk after matrix implantation are shown in Fig. 3 . In the 5% dexamethasone group, serum levels were three times higher than in the 0.5% dexamethasone group 24 h after the implantation (1,372±215 vs. 452± 197 ng/dl, respectively; P = 0.01). 3 wk later, serum levels decreased in both groups, but were still 2.3 times higher in the 5% dexamethasone group compared with the 0.5% dexamethasone group (535±52 vs. 233±31 ng/dl, respectively; P < 0.001). It is also noted that dexamethasone serum levels in the controlled release animals were significantly higher after 24 h than at 3 wk. This is probably explained by the release kinetics of the polymer matrix (Fig. 2, see above) , which results in an early burst effect of more rapid drug release during the first 24 h than the ensuing 3-wk releasing period. Dexamethasone serum levels were undetectable in the placebo group 24 h and 3 wk after balloon injury and polymer implantation. Dexamethasone tissue levels 2 wk after polymer implantation, in the different arterial segments of both dexamethasone groups, are shown in Table I . Tissue levels in the covered segments of the 5% dexamethasone group were 2.5 times higher than in the segments covered with 0.5% dexamethasone polymers. In the adjacent and contralateral segments, tissue levels were present but at much lower concentrations, thus demonstrating locally enhanced drug administration.
Neointimal proliferation. There was no neointima formation in any of the eight left common carotid artery segments that had no balloon deendothelialization injury, but were covered with a placebo silicone polymer matrix (Fig. 4) . common carotid artery segments covered with silicone matrices in the three groups that underwent balloon injury. The I/M ratios were very similar in both dexamethasone groups (dexamethasone 5%, 0.264±0.036; dexamethasone 0.5%, 0.273±0.031), but significantly decreased compared with the placebo group (1.093±0.157). In the 5 and 0.5% dexamethasone groups, there was a 76 and 75% reduction in neointimal proliferation compared with the placebo group. The media cross sectional areas were similar in all three groups (dexamethasone 5%, 0.133±0.007 mm2; dexamethasone 0.5%, 0.128±0.006 mm2; and placebo, 0.131±0.009 mm2). Fig. 5 B shows the I/M ratio of the left common carotid artery segments not covered with silicone polymer matrices in the three groups that underwent balloon injury. The I/M ratio in the dexamethasone 5% group was decreased compared with the placebo group (0.53±0.08 vs. 1.1±0.21; P = 0.01). However, the degree of inhibition in the noncovered arterial segments of the 5% dexamethasone group was less pronounced than their respective polymer-covered segments, as demonstrated by a twofold difference (0.53±0.08 vs. 0.264±0.036, respectively). There was no significant difference among the 0.5% dexamethasone and placebo groups (0.81±0.07 vs. 1. 1±0.21; P = NS), or between the 0.5 and 5% dexamethasone groups (0.81±0.07 vs. 0.53±0.08; P = NS). The media cross sectional areas were similar in all three groups (dexamethasone 5%, 0.144±0.007 mm2; dexamethasone 0.5%, 0.137±0.008 mm2; placebo, 0.152±0.01 mm2). ity that the polymer matrices implanted loosely around the arteries did not occlude the adventitial vasa vasorum in this control group. Therefore, hypoxia of the outer media, the presumed mechanism initiating smooth muscle cell proliferation and migration with subsequent neointimal formation (37-39), may not have been induced in our study.
Local drug delivery. Attempts to deliver drugs at the site of balloon injury through balloon catheter systems have encountered difficulty in maintaining high local drug tissue concentrations for an adequate period oftime ( 12, (40) (41) (42) . This problem has prompted the use of controlled release drug delivery systems (18) (19) (20) . Site-specific drug delivery has been extensively investigated in different animal models for the treatment of a number of specific cardiovascular disorders, including inhibition of cardiac arrhythmias (43) and bioprosthetic heart valve calcifications (21, 34, 44), prevention of cardiac transplant rejection (45) , and bacterial endocarditis on cardiac valve prostheses (46) . In addition, one clinical trial has demonstrated the efficacy ofsite-specific therapy for optimization ofthe function of cardiac pacing leads (47) .
In the rat carotid injury model, three different periadventitial polymer systems have been used for site-specific drug delivery. Okada et al. ( 19) first reported the use of 16% polyvinyl alcohol, a water-soluble, nontoxic polymer to deliver heparin periadventitial, enclosed in a silastic shell to prevent diffusion into surrounding tissue. Edelman et al. (20) initially administered heparin encapsulated in ethylene-vinyl acetate copolymer pellet matrices that were placed next to the injured carotid artery. Using this site of administration they inhibited neointimal proliferation after vascular injury. Subsequently, they were able to deliver successfully basic fibroblast growth factor into the arterial wall, using the same periadventitial delivery system (48, 49) . Finally, Simons et al. (50) used a different polymer, the F-127 pluronic gel. This polymer that has the novel property of being soluble at 4°C, while solidifying on contact with tissues at 37°C. The periadventitial application of pluronic gel containing antisense c-myb inhibited mRNA expression of cmyb and neointimal proliferation 2 wk after balloon vascular injury.
In our study, periadventitial silicone rubber polymer matrices proved to be an effective local delivery system capable of obtaining and maintaining significant tissue and serum dexamethasone levels for 2-3 wk after polymer matrix implantation. Previous work has demonstrated that very low percentage weight loading of steroids in silicone rubber resulted in effective controlled release through aqueous-polymer interface equilibrium phenomenon. This occurs secondarily to solid phase solution of dexamethasone in the dimethylpolysiloxane base polymer ( 51 ) . The use of silicone rubbers, with enclosed hydrophobic drugs, is particularly advantageous in terms ofvoiding the hydrostatic swelling associated with water-soluble drugs dispersed in virtually any synthetic polymer. Dexamethasone and similar hydrophobic compounds form a solid phase solution in the silicone rubber coming to equilibrium with the extracellular fluid or plasma interface when implanted. This particular type of drug delivery system is obviously advantageous for an arterial implant, and has not been previously used in restenosis research.
The degree ofgrowth inhibition in the segments covered by the silicone polymers was almost identical in both dexamethasone groups (76% inhibition in the 5% dexamethasone group vs. 75% in the 0.5% dexamethasone group), despite a much lower concentration ofthe drug in one ofthe groups, which was reflected also in the tissue and serum levels obtained. These data suggest that only a certain minimum amount oflocal drug concentration is required for growth inhibition, and higher concentrations will only raise the systemic levels with possible subsequent adverse systemic side effects of the drug. At higher local dexamethasone doses (5% group) a systemic effect ofthe drug was suggested by the significant inhibition of neointimal proliferation observed in the arterial segments not covered with silicone polymers. This effect was probably due to a systemic absorption of the drug as suggested by the tissue levels in the adjacent noncovered and contralateral arterial segments and the high serum levels. However, the degree ofneointimal proliferation inhibition in the 5% dexamethasone-covered segments was more pronounced as evidenced by a twofold decrease in the I/M ratio compared with their respective noncovered arterial segments. This finding indicates an important local drug effect from the controlled release polymer in the covered segments ofthis 5% dexamethasone group. With lower dexamethasone doses (0.5% group), despite lower but significant dexamethasone systemic levels, the inhibition appeared to be site specific without a significant inhibition observed in the noncovered segments and tissue levels 3.3 times lower than in the covered segments.
Neointimal proliferation inhibition. Local delivery of dexamethasone via periadventitial silicone polymer matrix at two different doses for 3 wk markedly inhibited neointimal proliferation after balloon injury in this rat carotid model.
Dexamethasone is a potent glucocorticoid that ideally should be administered locally at the site of balloon injury because ofthe deleterious side effects when administered systemically at high doses for a prolonged period of time. Glucocorticoids can inhibit restenosis through several possible mechanisms. They have a potent antiproliferative effect and have been shown to inhibit smooth cell proliferation in vitro (28) (29) (30) . This inhibition can be mediated through different mechanisms. First, glucocorticoids inhibit the autocrine production of PDGF A chain (52, 53) . PDGF is a potent mitogen and important stimulus for migration of smooth muscle cells (54, 55) . Second, glucocorticoids selectively inhibit the transcription of the IL-I# gene and decrease the stability of IL-I(3 mRNA (56). IL-I, is a cytokine that has been shown to stimulate smooth muscle cell proliferation (57, 58) and to induce basic fibroblast growth factor gene expression in human vascular smooth muscle cells (59) . Third, glucocorticoids can repress the activity of c-Jun via downmodulation of transcriptional factor AP-l activity (60) (61) (62) 
